Background: The Ki-67 labeling index (LI) is a well-known prognostic factor for primary breast cancer, but its clinical significance for metachronous axillary lymph node (ALN) recurrence has not been well documented. Methods: Ki-67 expression in primary tumors (PTs) and ALN metastases (ALNMs) was evaluated in 21 patients and quantified to investigate the relationship between Ki-67 LIs in PTs and metachronous ALNMs. Results: The median Ki-67 LIs in the PTs and ALNMs were 25.2% (range: 2.3-80.2%) and 70% (range: 10.4-97.4%), respectively. A majority of patients had higher Ki-67 LIs in ALNMs than in PTs (76.2%, 16/21). Disease-specific survival was significantly better in patients with a lower-than-median ALNM Ki-67 LI (P = 0.019, log-rank test). Receiver operating characteristic curves showed a PT Ki-67 LI of 62.8% as the optimal cutoff value and an ALNM Ki-67 LI of 65.1%. Accordingly, we divided the patients into four groups: PT Ki-67 LI lower than 62.8%/ALNM Ki-67 LI lower than 65.1%, PT Ki-67 LI lower/ALNM Ki-67 LI higher, PT Ki-67 LI higher/ALNM Ki-67 LI higher, and PT Ki-67 LI higher/ ALNM Ki-67 LI lower. Disease-specific survival was significantly better in patients with Ki-67 LI lower/ALNM Ki-67 LI lower than in the other groups. Conclusion: This is the first study to show that the Ki-67 LI in metachronous ALNM is a prognostic factor for patients with metachronous ALN recurrence of breast cancer.
Introduction
Nuclear protein Ki-67 expression increases during cell proliferation and the percentage of cells positive for Ki-67, termed the Ki-67 labeling index (LI), has been shown to be a prognostic factor in many cancers, including breast cancer. [1] [2] [3] Ki-67 is a useful marker of proliferation because it is weakly expressed in G 0 but more strongly expressed in proliferating cells. 4 Several studies have shown that the percentage of Ki-67-positive cells detected by immunohistochemical (IHC) staining of breast cancer tissue correlates with patient outcomes. For example, Ki-67 LI has been shown to be an independent prognostic factor in patients with pathological T1N0 disease who did not receive postoperative chemotherapy; 1 in menopausal patients with estrogen receptor (ER)-positive/ HER2-negative breast cancer who received tamoxifen therapy without postoperative chemotherapy; 2 and in patients with ER-positive/HER2-negative cancer, including those who received postoperative chemotherapy. 5 These studies stratified patients based on a Ki-67 LI higher or lower than a prespecified cutoff value; the outcomes were generally better in patients with a lower LI. Measurement of Ki-67 LI has recently been incorporated into therapeutic strategies for breast cancer and the subtyping of tissue into high and lowKi-67 LI categories was discussed at the St. Gallen Consensus Conference on standardizing the treatment of early breast cancer. 6 However, only a few studies have compared the Ki-67 LI of primary and metastatic breast cancer foci, most of which compared findings in primary tumors (PTs) with those in synchronous metastases. [7] [8] [9] [10] The frequency of metachronous axillary lymph node recurrence (ALNR) after resection of the PT in patients with breast cancer varies depending on the surgical technique used, reportedly ranging from 0.8% to 8.6%. 11, 12 The status of many biomarkers, including ER and HER2, may differ between PTs and metachronous metastatic foci, such as axillary lymph node metastases (ALNMs) obtained by dissection for ALNR. 13, 14 In this paper, we present the first comparison of the Ki-67 LI in PTs and metastatic ALNMs in breast cancer patients with ALNR. We also examine the relationship between Ki-67 LI in primary and metachronous metastases and various patient outcomes.
Methods Patients
We enrolled 21 women with breast cancer who had developed metachronous ALNR after resection of their PT between December 2006 and June 2017. PT samples were obtained at resection and ALNM samples by dissection or biopsy at least one year after PT resection. The Institutional Review Board of Nihon University School of Medicine approved this retrospective study and written informed consent was obtained from the patients for all procedures.
Ki-67 labeling index (LI)
Ki-67 expression in PTs and ALNMs was detected by IHC staining with anti-Ki-67 clone MIB-1 (Dako, Glostrup, Denmark), followed by colorimetric development with the peroxidase substrate 3,3 0 -diaminobenzidine. The sections were counterstained with hematoxylin. The Ki-67 proliferation index was defined as the percentage of cells with positive nuclear Ki-67 immunostaining in a hotspot section of confirmed carcinoma and was quantified using e-Count cell counting software (e-path, Kanagawa, Japan). JPEG images were automatically segmented into Ki-67-positive and negative areas according to the cutoff point determined from a histogram of brown (Ki-67) and blue (hematoxylin) color density in the nuclei. In cases of multiple lymph node metastases, we examined all lymph nodes and adopted the highest Ki-67 LI. Two pathologists also microscopically reviewed the tumor samples to verify the Ki-67-positive and negative scores obtained by the software. The median numbers of ALNM and PT tumor cells per sample were 686 (range: 502-880) and 573 (range: 500-995), respectively. ER was measured by IHC analysis and defined as positive when ≥ 10% of the tumor cells showed positive staining. HER2 was measured by IHC or fluorescence in situ hybridization (FISH) and defined as positive when the IHC score was 3+ or FISH was positive. 21 .0 (IBM Corp., Armonk, NY, USA) was used for statistical analysis.
Statistical methods

SPSS version
Local control of ALNR was assessed by univariate analysis using Pearson's χ 2 test and multivariate analysis using the Cox proportional hazards regression model of the following variables: age at treatment of ALNR (≥ or < median), single or multiple ALNMs, maximum diameter of ALNMs (≥ or < median), presence or absence of metastasis to other organs at the time of ALNR treatment, immunohistological subtypes, Ki-67 LI in ALNM (≥ or < median), higher or lower Ki-67 LI in ALNM than in PT, and adjuvant therapy after ALNM surgery. The relationship between the time from PT resection to ALNM treatment (≥ or < median) and Ki-67 LI in ALNM (≥ or < median) was assessed by univariate analysis using Pearson's χ 2 test. Local control of ALNR was defined as a complete response when there was no evidence of recurrence in the ALNR treatment area. Tumor responses were assessed using computed tomography (CT) or echo or magnetic resonance imaging performed the day after the final ALNR treatment (median 130, range: 28-996 days). The disease-specific survival (DSS) rates according to patient and tumor characteristics and treatment strategies were assessed by univariate analysis using Pearson's χ 2 test and multivariate analysis using the Cox proportional hazards regression model. The Kaplan-Meier method was used to determine the probability of DSS from the date of surgery for PT. Patients were stratified according to the above variables and Ki-67 LI in the PT and metachronous ALNM (≥ or < median) groups. We also established receiver operating characteristic (ROC) curves and attempted to find the optimal Ki-67 LI cutoff value. Outcomes for these patient subgroups were compared using Mantel's log-rank test. Table 1 summarizes the clinicopathological characteristics. The median age at ALNR treatment was 70 years (range: 29-82). The pathological stages of the PT according to the seventh edition Union for International Cancer Control Tumor Node Metastasis classification (2009) were: IA (7 patients), IIA (8 patients), IIB (4 patients), and IIIA (2 patients).
Results
Fourteen patients (66.7%) received axillary lymph node dissection as initial treatment. Eleven patients (52.4%) had no lymph node metastasis at the initial pathological stage. Four patients had single lymph node metastasis and six patients had multiple lymph node metastases (range: 2-4) at the initial pathological stage. Ten patients (47.6%) received adjuvant chemotherapy. The time between PT resection and initiation of treatment for ALNR ranged from 371 to 5117 days (median 1015). The number of lymph nodes involved at the time of detection of ALNR ranged from one to more than 10 (i.e. not countable by CT). Five (23.8%) and 16 (76.2%) patients had single and multiple involved lymph nodes, respectively. The median size of the largest lymph node at ALNR was 20 mm (range 8.5-65 mm), as determined by CT. Fifteen patients (71.4%) had no other metastatic lesions at the time of ALNR, whereas three (14.3%) had lymph node metastases outside the axillary region, and another three (14.3%) had metastases to other organs. The surgical procedure for ALNR was dissection and biopsy in 12 (57.1%) and 9 (42.9%) patients, respectively. Radiation therapy (RT) to the ALN region was administered postoperatively in 10 patients (47.6%), with the median total RT dose being 60 Gy (range 50-70 Gy). With respect to ALNM subtype, 16 (76.2%) cases were ER positive/HER2 negative, two (9.5%) were ER negative/HER2 positive, and three (14.3%) were ER negative/HER2 negative.
The Ki-67 LIs in the PTs and ALNMs were evaluated by IHC staining. The median Ki-67 LI was 25.2% (range: 2.3-80.2%) in the PTs and 70% (range: 10.4-97.4%) in the ALNMs at recurrence.
The Ki-67 LIs in the ALNMs at the initial pathological stage were not evaluated by IHC staining at initial treatment, thus IHC staining was performed at this time. Adequate staining of ALN tumor samples was only achieved for three patients with initial ALNM and the ALNM Ki-67 LI was higher than in the PT in two patients and lower in one. In all three patients, the ALNM Ki-67 LI at recurrence was higher than the ALNM Ki-67 LI at the initial pathological stage (data not shown). The ALNM Ki-67 LI was higher than the PT Ki-67 LI in 16 patients (76.2%) and lower in five (23.8%), the greatest differences between the two LIs being 87.2% higher and 36.9% lower (Fig 1) .
In the eight cases of multiple lymph node metastases at the initial or recurrent stage with successful staining, the Ki-67 LIs varied widely among each lymph node. The median greatest difference between the LIs was 20.4% (range: 0.5-63.3%) ( Table 2) .
Univariate analysis showed that there was no relationship between the time from PT resection and Ki-67 LI changes in ALNMs (data not shown).
The axillary local control rate was 66.7% (complete response in 14 patients). Univariate analysis showed that local control of ALNR was significantly better in patients with an ALNM Ki-67 LI lower than the PT Ki-67 LI compared to patients with an ALNM Ki-67 LI higher than the PT Ki-67 LI (P = 0.023) (Table 3) . Similarly, multivariate analysis showed that an ALNM Ki-67 LI lower than the PT Ki-67 LI was associated with better local control; however, this difference was not statistically significant (P = 0.12).
The median follow-up from the date of surgery for PT was 2564 days. The five and 10-year DSS rates for all 21 patients were 95.2% and 63.1%, respectively. The DSS rates according to patient and tumor characteristics and treatment strategies are presented in Table 4 . Chemotherapy and radiation therapy after ALNR were not significantly associated with DSS. DSS was significantly better in patients with no other metastatic lesions than in patients with remaining lesions (P = 0.001) ( Table 4) . No difference in DSS was identified in the PT group when patients were stratified by the median Ki-67 LI (25.2%, higher vs. lower; P = 0.324) (Fig 2a) . However, DSS was significantly better in patients with a metachronous ALNM Ki-67 LI lower than the median of 70% (P = 0.019) (Fig 2b) . The ROC curve showed a PT Ki-67 LI of 62.8% and an ALNM Ki-67 LI of 65.1% as the optimal cutoff values. We divided the patients into four groups: PT Ki-67 LI lower than 62.8%/ALNM Ki-67 LI lower than 65.1% (9 patients, 42.9%), PT Ki-67 LI lower/ALNM Ki-67 LI higher (7 patients, 33.3%), PT Ki-67 LI higher/ALNM Ki-67 LI higher (4 patients, 19.0%), and PT Ki-67 LI higher/ ALNM Ki-67 LI lower (1 patient, 4.8%). DSS was significantly better in patients with Ki-67 LI lower/ALNM Ki-67 LI lower than in the other groups (P < 0.05) (Fi3) and patients with PT Ki-67 LI higher/ALNM Ki-67 LI higher showed the worst DSS rate. However, only five patients had a PT Ki-67 LI ≥ 62.8% and this cutoff value appeared to be imbalanced compared to the median value.
Discussion
In this study, we found that the mean Ki-67 LI of metachronous ALNM was higher than that of PT; that a greater proportion of patients (76.2%) had a higher Ki-67 LI in ALNM than in PT compared to those with lower Ki-67 LI in ALNM than in PT; and that a higher Ki-67 LI in metachronous ALNM was significantly correlated with poorer outcomes. To our knowledge, no previous studies have addressed the clinical significance of Ki-67 LI for metachronous ALNM; we therefore discuss the present results in relation to previous reports on synchronous ALNM. Figure 1 Changes in Ki-67 LI between primary breast tumor (PT) and axillary lymph node metastasis (ALNM) at recurrence. The few studies that have compared the Ki-67 LI in PTs and synchronous metastatic lesions have reported inconsistent results. Some studies have reported a significantly higher Ki-67 LI in synchronous ALNMs than in the corresponding PTs, whereas others found no difference. 7, 10 Buxant et al. hypothesized that cancer cells in PTs are more stable than those in metastases and that only tumors with high Ki-67 LI and aggressive potential can escape from the PT to form ALNM. 15 Our results support the contention that the proliferative potential of PT and metachronous ALNM cancer cells may differ.
The threshold set for Ki-67 LI may influence the concordance between PTs and ALNMs. When a Ki-67 LI of ≥ 10% is defined as positive, the proportions of PTs and synchronous ALNMs above and below this threshold are the same, whereas the rate of concordance between PTs and synchronous ALNMs decreases to 77.5% when the threshold for Ki-67 LI is set at ≥ 20%. 8, 9 We also found that the Ki-67 LIs varied widely among each lymph node in multiple lymph node metastases. As for metachronous pulmonary metastases, the rate of concordance between PTs and such metastases is reportedly only 57%, even when the threshold for Ki-67 LI is set at ≥ 15%. 16 The concordance rates between PTs and metachronous ALNMs in the present study were 66.7% and 71.4% when the thresholds were set at ≥ 15% and ≥ 20%, respectively. The Ki-67 LI is a continuous variable, thus setting a threshold between PTs and ALNMs is difficult. This may reflect the fact that tumors in PTs and ALNMs have multiple genomically distinct stem cells that have various concordant and discordant responses to treatments.
As for the prognostic value of the Ki-67 LI for synchronous ALNM, patient outcomes have been found to be poor when the Ki-67 LI values are high in both PT and ALNM or when the PT LI is low and the ALNM LI is high. Furthermore, outcomes correlate with the ALNM Ki-67 LI, with high LIs indicating poorer outcomes. 7, 8 Patients with a lower Ki-67 LI in synchronous ALNM than in the corresponding PT or a lower Ki-67 LI in residual PT following adjuvant chemotherapy also have better survival rates than those who do not. 17, 18 Our findings show that DSS is better in patients with a lower rather than a higher Ki-67 LI in ALNM, consistent with the aforementioned studies on synchronous ALNM or residual PT.
Whether radiotherapy (RT) should be added to surgery when treating ALNR is controversial because there is contradictory evidence indicating that RT both improves and worsens outcomes. 11, 19 We found no association between DSS and the administration of RT. Previous studies reported five-year DSS and five and 10-year overall survival rates of 57.9%, 49.3%, and 56%, respectively, for patients with ALNR overall. 11, 19, 20 In our cohort of 21 patients, the five and 10-year DSS rates were 95.2% and 63.1%, respectively, which are better than those reported elsewhere. One possible reason for this discrepancy is that we measured survival from the date of surgery for the PT.
A strict Ki-67 LI threshold of 14% was set at the 2011 St. Gallen Consensus Meeting to assist physicians to decide whether chemotherapy should be administered to patients with ER-positive/HER2-negative disease 6 however, the methods for calculating Ki-67 LI vary considerably. 21 An international breast cancer working group has made recommendations to overcome the considerable interobserver variation between pathologists. 22 In the present study, we used cell counting software, which analyzes immunostaining based on pixel intensity in nuclei images, in an attempt to reduce operator bias in determining the Ki-67 LI. We previously reported a correlation between Ki-67 LI determined using this method and responses to RT in small-cell lung cancer. 23 This study has the following limitations: the number of cases was small, and the status of the biomarkers ER and HER2 varied among the patients. We intend to investigate the significance of Ki-67 LI in ALNR further by accumulating more cases with sufficient data on ER and HER2 subtypes.
In conclusion, despite the limitations of this small cohort study, our results suggest that Ki-67 LI of metachronous ALNM has prognostic potential, which is consistent with the fact that cancer cells in metachronous ALNM have already demonstrated their ability to survive and reflect the most recent characteristics of an individual patient's cancer cells. 
